We investigate the nature of charge transport in deoxyribonucleic acid (DNA) using self-assembled layers of DNA in large-area molecular junctions. A protocol was developed that yields dense monolayers where the DNA molecules are not standing upright, but are lying flat on the substrate. As a result the charge transport is measured not along the DNA molecules but in the transverse direction, across their diameter. The electrical transport data are consistent with the derived morphology. We demonstrate that the charge transport mechanism through DNA is identical to non-resonant tunneling through alkanethiols with identical length, classifying DNA as a dielectric.
Introduction
Deoxyribonucleic acid (DNA) has been established as the most important biological polymer, since it carries genetic information.
1,2 The answer to the question why such a complex molecule should be used in a eld so different from the role that nature has assigned to it can be sought in its unique features, which cannot be found in other polymers. DNA possesses complementarity, the self-assembling ability that always leads to the formation of specic hydrogen-bonded base pairs. Thanks to its self-assembling characteristics, which allow it to be highly integrated error-free with no need for microfabrication technologies, DNA is highly interesting as a functional nano-sized material.
The DNA molecule can be viewed as a series of nitrogenous bases connected through a sugar-phosphate backbone. DNA in the cell functions as a double-stranded helix of B-form DNA, the structure of which was rst determined by Watson and Crick 3 and which is reproduced in Fig. 1 . The polar sugar-phosphate backbones of each strand form the helical scaffold, with the nitrogenous bases in the interior of the molecule having their planes nearly perpendicular to the helical axis. The diameter of the B-DNA is $20Å.
The nature of charge transport through DNA remains largely unresolved. DNA allegedly spans the whole spectrum of conductive behavior, having been reported to be an insulator, a semiconductor, a conductor and even a superconductor.
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DNA can be synthesized in any desired base sequence with high accuracy. The recognition capability due to complementarity makes DNA a prototype system for self-assembled electronics.
However, the ambiguity around DNA's charge transport properties needs to be lied.
Several experimental techniques, for instance scanning tunneling microscopy (STM) [16] [17] [18] and conducting probe atomic force microscopy (CP-AFM), 19 have been applied to investigate the charge transport along single DNA molecules or bundles thereof. 20, 21 The large spread in conductivity values may be attributed to the differences in measurement methods and/or to the different congurations that a single DNA molecule can assume in each test bed. In particular, due to the high sensitivity of DNA, the experimental environment is a critical factor for accurate electrical measurements.
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To ensure a controlled environment, we have studied an ensemble of DNA Fig. 1 Schematic structure of a large-area molecular junction. A doublestranded helix of B-DNA is lying flat on the bottom gold electrode. The top electrode is a layer of the conducting polymer PEDOT:PSS, a water-based suspension of poly (3,4-ethylenedioxythiophene) and poly (4-styrenesulphonic acid) . This interlayer between the DNA layer and the top Au electrode prevents electrical shorts. The transverse charge transport is measured across the DNA molecule. The DNA is self-assembled in vias defined in photoresist to prevent cross talk. The diameter ranges from 5 mm to 100 mm. molecules self-assembled in a monolayer, using the previously developed technology of large-area molecular junctions. 26, 27 As schematically shown in Fig. 1 , the junction consists of a selfassembled DNA layer sandwiched between two electrodes, enclosed in an insulating matrix dened in photoresist. Processing within the lithographically dened vertical interconnects (vias) prevents both parasitic currents and cross-talk between different junctions. The junctions offer a solvent and stress free environment. Furthermore, since the junctions are sealed, the SAM is protected from contamination.
28
For chemical bonding with an Au substrate, DNA molecules are typically modied with a thiol end group that has a high affinity for Au. However, other interactions, such as those between the base pairs and phosphate groups of DNA with the Au substrate, prevail and result in monolayers of poor coverage.
28,29
Improved coverage has been reported by passivating the Au substrate with an incomplete monolayer of short alkanethiols.
30
The short alkanethiol molecules compete with the weaker nonspecic interactions and prevent the target DNA molecules from binding nonspecically to the Au surface. However, fabrication of a dense self-assembled monolayer of upright standing DNA molecules on Au remains problematic.
31-33
We have investigated the formation of DNA monolayers to develop a procedure for the fabrication of dense lms, suitable for electrical characterization. The use of highly passivated Au substrates yielded a low graing density, resulting in electrically shorted molecular junctions. However, surprisingly, on briey passivated Au electrodes dense DNA monolayers could be assembled. The obtained monolayers have been characterized by polarization modulation infrared reection absorption spectroscopy (PM-IRRAS), atomic force microscopy (AFM) and ellipsometry. We show that the coverage depends on the number of base pairs. Ellipsometry measurements show that for optimized lms the layer thickness is comparable to the diameter of the DNA molecules, which indicates that the molecules are lying at on the substrate, as schematically depicted in Fig. 1 . The electrical transport, as measured in the large area junctions, is therefore due to transverse conduction through the DNA molecules. We demonstrate that the conductivity and the temperature dependence of the resistance are identical to those of alkanethiols having a length equal to the DNA layer thickness. 34 As a result the transverse conduction in DNA is due to non-resonant tunneling, classifying DNA as a dielectric, in agreement with previous reports. 4, 6, 9, 10, 15, 35, 36 
Experimental
The junctions were formed as described previously. 26 On a 4 00 thermally oxidized silicon monitor wafer, patterned bottom Au electrodes were evaporated on a 1 nm Cr adhesion layer. The rms roughness of the bottom contact is about 0.7 nm. Subsequently, a photoresist layer (ma-N 1410, Micro Resist Technology GmbH) was spincoated and patterned by conventional I-line lithography, creating circular vertical interconnects (vias) on top of the bottom electrodes, ranging from 5 mm to 100 mm in diameter. For the passivation, the wafer was immersed in a 2 mM solution of 1-hexanethiol in ethanol. The wafer was subsequently rinsed with ethanol, toluene and propanol, and dried under a N 2 stream. The DNA was deposited and a layer of the conducting polymer PEDOT:PSS was spincoated on top. PEDOT:PSS is a water-based suspension of poly(3,4-ethylenedioxythiophene) and poly(4-styrenesulphonic acid). This interlayer between the DNA layer and the top Au electrode prevents electrical shorts. The highly acidic PEDOT:PSS (pH $ 1.8) can damage DNA by denaturation. 37 Therefore, the solution was neutralized by adding a dilute solution of dimethylaminoethanol. Finally, the junction is nished by evaporating top gold electrodes and using them as a self-aligned mask to etch away the redundant PEDOT:PSS.
The DNA oligomers contained 14, 22 and 30 base pairs (14mer, 22mer and 30mer respectively) and were modied with a short alkyl spacer and a thiol termination. 38 The DNA oligomers were dissolved in a 1 M phosphate buffer, containing 1 M NaCl, with a nal concentration of DNA of 2.5 mM. The wafer was covered with the DNA solution for at least 72 hours. Subsequently, to desalinate the SAM, the wafer was gently rinsed with dilute phosphate buffer and de-ionized water, and dried under a N 2 stream.
Current-voltage (I-V) measurements were performed in a home-built probe station using a Keithley 4200 Semiconductor Analyzer Characterization System. The probe station was evacuated for at least 6 hours before the measurements, to remove any water absorbed. Ellipsometric measurements were performed using a V-VASEÒ ellipsometer (J.A. Woolam Co, Inc). The substrates were prepared by template stripping of Au on 1 Â 2 cm glass slides. Ellipsometry samples and molecular junctions were prepared simultaneously from the same solutions. All measurements were performed at the reection geometry in the spectral range from 350 nm to 800 nm, at an angle of incidence of 65-75 .
The index of refraction was taken as 1.5. The layer thickness was determined by averaging at least 2 different measurements on each substrate. The same substrates were used for the PM-IRRAS and AFM characterization.
Results and discussion
We rst started from single stranded DNA with 14, 22 and 30 base pairs, each with both a propane-or hexanethiol linker. For passivation we treated the Au substrate with mercaptopropanol, mercaptohexanol, hexanethiol or mercaptoundecanol. The incubation time was typically a day yielding fully covered SAMs. Then the DNA was assembled for about 1 day. The growth is mediated by exchange and the presence of defects. Subsequently the lm was hybridized for 24 hours with the complementary strand, both at 65 C and 88 C. However, in all cases the electrical transport could not be distinguished from PEDOT:PSS-only diodes. Apparently, the coverage is low, the monolayer is not dense enough and therefore the diodes are electrically shorted.
As a next step we prepared the DNA lms directly from double stranded DNA. Both single and double thiol terminated linkers were investigated. We varied the incubation time for the passivating molecules from minutes to days. Both without the passivation layer (zero incubation time) and when the incubation time was longer than 1 hour, the electrical transport could not be distinguished from PEDOT:PSS-only diodes. The diodes are shorted because the monolayer is not dense. Surprisingly, the resistance of diodes fabricated from doublestranded DNA with short incubation times is signicantly higher than that of PEDOT:PSS-only diodes. Apparently, a dense monolayer can be formed under these conditions. The higher resistance is a sign of the presence of DNA. We deliberately varied the processing conditions. The optimized fabrication protocol consists of using a passivating molecule that matches the length of the DNA linker, in our case hexanethiol, and an incubation time of about 5 minutes. The coverage of the passivating layer is estimated to be around 60-70%. Then a dense DNA layer is formed. The exact processing window has not yet been fully determined. However in the limiting cases of 0% or 100% coverage of the passivating molecules, only partial coverage of double-stranded DNA is obtained. The DNA layer then is incomplete and not dense. We note that single-stranded DNA does not yield full coverage even when using short incubation times for the passivating molecules. The reason is the hybridization step aer monolayer formation. This hybridization step is performed at elevated temperatures, around 65
C to 88 C, where desorption of the passivating molecules occurs. 39 Preliminary experiments have shown that a dense DNA layer can be formed from single-stranded DNA, using a short incubation time for the passivating molecule provided that the hybridization step is performed at room temperature. However, this procedure has not been employed because the long hybridization time, of up to 5 days, is prohibitive.
The presence of DNA molecules on the substrate has been veried by PM-IRRAS, which is an established analytical technique for the characterization of very thin layers on metal surfaces. 40, 41 The sample is investigated in reection geometry under grazing incidence, typically 80
. Polarization modulation is used to enhance the sensitivity and to eliminate disturbing atmospheric absorptions caused by water vapor and CO 2 . Polarization modulation is based on the different absorption of p-and s-polarized light at large angles of incidence. Ultrathin layers on metal surfaces interact with the p-polarized fraction of light, but not with the s-polarized one. Typical infrared absorption spectra of the self-assembled DNA monolayers of the 14mer, 22mer and 30mer are presented in Fig. 2 . The spectra show the characteristic vibrations of the phosphate backbone and of the DNA base pairs, 42 which are absent in the control experiment with only the hexanethiol passivation layer.
The microstructure of the DNA lms was investigated by AFM. Typical topography images for DNA-14mer, 22mer and 30mer with one hexanethiol linker are presented in Fig. 3 . Cross-sections through the topography show patches of about 2 nm in height. The lms however are not densely packed. Fig. 3 shows that the coverage increases with the number of base pairs. For the DNA-30mer an almost dense layer is obtained. In general the coverage depends on the number of base pairs, the number of thiol linkers and the preparation protocol, such as the density of the passivation alkanethiol lm. Quantication is hampered by the bottom electrode being not atomically smooth. To that end, we performed ellipsometry measurements.
The measured thickness is presented as a function of the number of base pairs in Fig. 4 . The three hybridized DNA molecules, with 14, 22 and 30 base pairs, have a calculated length of 4 nm, 7 nm and 10 nm respectively. Fig. 4 shows that the measured layer thickness is much smaller than the length of the molecules. The molecules therefore are not standing upright. For the DNA molecules with the double linker (blue line) the layer thickness is almost independent of the length of the molecule. Actually, the value corresponds to the diameter of the DNA molecules, of about 2 nm. It can therefore be concluded that we have a fully covered monolayer of molecules, which are not standing upright but are lying at on the substrate. This is supported by the similar layer thickness of the longest DNA molecule with a single linker. From the ellipsometric measurements (Fig. 4) we estimate a coverage between 75% and 100% for DNA with the double thiol linker and from 50% to about 90% for the single thiol linker. We note that the DNA molecules are presumably lying at due to the low graing density on the passivated bottom electrode. The negatively charged DNA molecules repel each other due to electrostatic Coulomb interactions, preventing upright assembly. The dominant Coulomb interaction of the DNA molecules with the gold substrate favors planar adsorption. Although the difference between single thiol and double thiol linkers can be explained on the basis of enhanced interactions with the substrate, the dependence of coverage on the number of base pairs remains unclear.
The DNA oligomers we use here contain up to 30 base pairs. The length of the oligomers is shorter than the persistence length of about 50 nm. Supercoiling is then unlikely. However, we cannot rule out the formation of any in-plane superstructure, such as bundles. AFM and ellipsometry measurements show that the molecules are lying at. Hence, the in-plane ordering of the DNA chains is not relevant for transverse charge transport across the DNA chains.
Typical J-V characteristics of the DNA-14mer, 22mer and 30mer with one and two thiol linkers, as measured in a large area junction, are presented in Fig. 5a . The current scales linearly with the device area as veried for junctions with diameter between 5 mm and 100 mm. The red curve represents a hexanethiol-only junction, used as a reference. Upon insertion of a DNA layer, the current density decreases. The green lines represent DNA with one thiol linker and the blue lines represent DNA with two thiol linkers. Each data point represents the average value over more than 20 junctions. Fig. 5a shows that the shape of the J-V characteristics is almost invariant. At high bias the current density increases as a power law with the applied eld. At low bias, below 1 V, the J-V characteristics are linear.
Previous experiments have been reviewed. 43 A number of researchers have investigated charge transport in various prototypes of DNA and in a number of oligomers synthesized with different base pair sequences and lengths. The electrical transport ranged from the insulator through the semiconductor and the metal to the superconductor. The large scatter in the data might be attributed to different base sequences and lengths, electrode type and contact methods, and measuring conditions including temperature, pH, counter ions, and the amount of water and oxygen. 43 We note that in this work we make sure that we measure desalinated and dehydrated DNA. Therefore the charge balancing counter cations do not play a role in the observed electrical behavior in our measurements. The data presented here are averages over 20 junctions. The small parameter spread originates from the solvent-, salt-and water-free environment of large-area molecular junctions. We have shown previously that this test bed yields statistically signicant transport data for charge transport through single molecules self-assembled in monolayers. 34 The reproducibility is here conrmed for the charge transport through DNA.
The resistance of the DNA monolayers, as extracted at low bias and normalized for the device area (RS, resistance times area), is presented as a function of the number of base pairs in Fig. 5b . The green symbols represent DNA molecules with a single hexanethiol linker and the blue symbols represent DNA molecules with two hexanethiol linkers. In all cases the resistance is higher than that of an independently measured passivating dense layer of hexanethiol as indicated by the red dotted line. The higher resistance is due to the presence of DNA. We note that the resistance is hardly dependent on the length of the DNA molecule. For a dense monolayer with all DNA molecules perpendicular to the substrate, an exponential dependence on length is expected. 26, 44 Here, however, we observe a change of only a factor of three for the single thiolated DNA molecules. For the double thiolated DNA molecules there is no length dependence at all. The reason is unveiled by the ellipsometry measurements in Fig. 4 , which shows that the DNA molecules in the self-assembled monolayer are not standing perpendicular to the substrate but they are lying at. The charge transport is measured not along the DNA molecule but in the transverse direction, across the molecule. For DNA with the double thiol linker the layer thickness does not depend on the number of base pairs and hence, in good agreement, the resistance is constant. For DNA with a single thiol linker the DNA layers are incomplete ( Fig. 3 and 4) . The coverage increases by about a factor of 2 with the number of base pairs. This corresponds well to the measured variation of a factor of 3 in resistance. We note that, even at the relatively low coverage of only 50%, electrical characterization in molecular junctions is still possible. The PEDOT:PSS particles, which are typically 50-100 nm in diameter, cannot penetrate into the pinholes.
The resistance value obtained for the DNA layers with double thiol linkers is 4 Â 10 6 Ohm mm 2 . We showed that the DNA molecules, whose diameter is 2 nm, 3 are lying at on the surface. As a reference for 1-octadecanethiol (C18MT), with a measured SAM thickness of approximately 2.1 nm, a resistance of 3 Â 10 6 Ohm mm 2 has been reported. 34 A comparison between the J-V curves for DNA 22mer and C18MT is shown in Fig. 6a . A qualitative and quantitative agreement between DNA and C18MT is observed. The two curves have the same shape and absolute values of current density. Charge transport has previously been investigated in large-area molecular junctions of alkanes and para-phenylene oligomers. 44 Their J(V,T) characteristics have been quantitatively interpreted. The resistance of the junction is factorized with the resistance of PEDOT:PSS. The power-law dependence on both temperature and bias stems from PEDOT:PSS. The molecular contribution is an exponential length dependent pre-factor that originates from non-resonant tunneling. The measurements of normalized resistance as a function of temperature presented in Fig. 6b verify that the temperature dependence of DNA 22mer is identical to C18MT. Furthermore, the resistance of DNA 22mer matches the value of the C18MT SAM, which has an almost identical thickness. The experimental data show that the charge transport through DNA and C18MT is identical, which in the case of C18MT was established to originate from non-resonant tunneling.
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Conclusions
We have investigated the fabrication of self-assembled layers of hybridized B-DNA consisting of 14, 22 and 30 base pairs, modied with either one or two short alkyl spacers with a thiol termination. A passivating alkanethiol layer, matching the length of the DNA thiol linker, was used. When the thiol coverage is around 60-70%, a dense DNA layer is subsequently formed. The presence of DNA on the substrate has been veried by PM-IRRAS and AFM. We conrm, from ellipsometry measurements, that dense monolayers of hybridized DNA molecules are obtained, which, however, are lying at on the substrate. The derived morphology explains the electrical transport, as determined in large-area molecular junctions. We measure the charge transport not along the molecules but in the transverse direction, across their diameter. This automatically implies that the normalized resistance is identical for all fully covered layers. The experimental data show that the charge transport mechanism through DNA is due to non-resonant tunneling and that DNA behaves as a dielectric.
